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SUMMARY 

MgO-SI02 glasses con ta in ing  upto 1 5  m o l  % MgO, whlch cou ld  
ared by the  convent lonal  g lass  m e l t i n g  method due t o  t h e  p r  

n o t  have been 
sence o f  s t a b l e  

l l q u i d - l i q u i d  l m m l s c l b l l l t y ,  have been synthesized by the  so l -ge l  technlque. 
Clear  and t ransparent  ge ls  were  obta ined from the  h y d r o l y s l s  and polycondensa- 
t l o n  o f  s l l l c o n  t e t r a e t h o x l d e  (TEOS) and magnesium n l t r a t e  hexahydrate when the  
water:  TEOS mole r a t i o  was f o u r  o r  more. The g e l l i n g  t l m e  decreased w i t h  
Increase I n  magneslum content ,  water:  TEOS r a t l o ,  and r e a c t l o n  temperature.  
Magnesium n l t r a t e  hexahydrate c r y s t a l l i z e d  ou t  o f  t he  ge ls  c o n t a l n l n g  15 and 
20 m o l  % MgO on slow d ry ing .  Thls  problem was p a r t i a l l y  a l l e v l a t e d  by d r y i n g  
the  ge ls  q u l c k l y  a t  h lgher  temperatures.  Mono l l t h l c  g e l  samples were prepared 
us ing  g l y c e r o l  as the  d r y i n g  c o n t r o l  chemical a d d j t l v e .  The ge ls  were sub- 
j e c t e d  t o  var lous thermal t reatments and charac ter ized  us ing  technlques such 
as DTA, TGA, IR-spectroscopy, x- ray d i f f r a c t i o n ,  sur face  area and pore s l z e  
d l s t r l b u t l o n  measurements. No organlc  groups cou ld  be de tec ted  I n  the  glasses 
a f t e r  heat t reatments t o  -800 "C, b u t  t r a c e  amounts o f  hydroxy l  groups were  
s t l l l  p resent .  No c r y s t a l l l n e  phase was found f rom x-ray d i f f r a c t i o n  I n  the  
g e l  samples heated t o  -890 "C. A t  h igher  temperatures, a ipha quar t z  p r e c l p l -  
t a t e d  ou t  as the  c r y s t a l l l n e  phase I n  ge l s  c o n t a l n l n g  up t o  10 mol x MgO. 
weak d l f f r a c t l o n  peaks I n  heated samples con ta in ing  1 5  and 20 mol % MgO cou ld  
n o t  be assigned t o  any known phase. The o v e r a l l  a c t i v a t i o n  energy f o r  g e l  f o r -  
mat ion I n  10Mg0-90S102 (mol %) system f o r  water:  
c a l c u l a t e d  t o  be 58.7 kJ/mol. 

The 

TEOS mole r a t i o  o f  7.5 was 

INTRODUCTION 

Glass composl t lons w i t h i n  t h e  s t a b l e  l l q u l d - l l q u i d  i m n i s c l b i l l t y  reg ion  
cannot be prepared by the  convent lonal  g lass m e l t i n g  methad. However, such 
g lass  composl t lons may be obta ined by t h e  so l -ge l  technlque us ing  meta l  a lkox-  
Ides and meta l  s a l t s  as the  s t a r t l n g  m a t e r l a l s .  The f r e e  energy o f  a g e l  I s  
h igher  ( r e f .  1 )  than t h a t  o f  t he  g lass o f  the  same composi t ion.  I t  should, 
t he re fo re ,  be p o s s i b l e  t o  conver t  a g e l  I n t o  g lass  a t  temperatures much below 
the  l l q u l d u s  temperature.  The g e l l l n g  process I s  I n f l uenced  by var ious  param- 
e t e r s  such as temperature, pH, chemical na ture  o f  t he  a lkox ldes  and o the r  reac- 
t a n t s ,  water t o  a l k o x l d e  r a t i o ,  presence o f  a c a t a l y s t ,  concen t ra t l on  o f  t he  
reac tan ts ,  and t h e  na tu re  o f  t h e  so lvent .  The so l -ge l  method has severa l  
advantages such as b e t t e r  homogenelty as mlx ing  takes p lace  a t  t h e  molecular  
l e v e l ,  h igher  p u r i t y ,  lower process ing temperatures, and most s i g n i f i c a n t l y  the 
p o s s l b l l l t y  o f  produclng glasses o f  new composl t lons.  The s c l e n t l f l c  and tech-  
n g l o g l c a l  s l g n l f l c a n c e  o f  forming glasses below t h e l r  me l t i ng ,  phase separa- 
t i o n ,  o r  c r y s t a l l l z a t l o n  temperature I s  obvious. P o t e n t l a l  t o  fo rm new mate- 
r i a l s  whlch a re  s t r u c t u r a l l y  uns tab le  a t  h l g h  temperatures a l s o  e x i s t s .  The 



sol -ge l  technique has a t t r a c t e d  t h e  a t t e n t i o n  o f  many rzsearchers ( r e f s .  2 
t o  10) and has become q u i t e  popular d u r i n g  t h e  pas t  few years. I t  has been 
used f o r  t h e  p r e p a r a t i o n  o f  glasses, f i b e r s ,  p r o t e c t i v e  and o the r  coat ings ,  
o p t i c a l  f i l m s ,  u l t r a p u r e  monosized f i n e  ceramic powders, composite m a t e r i a l s ,  
e tc .  Oxide glasses, i n c l u d i n g  those o f  CaO-SI02, SrO-Si02, Zr02-Si02 
systems, which a r e  d i f f i c u l t  t o  make by m e l t i n g  have been synthesized ( r e f s .  11 
t o  15) by t h e  so l -ge l  procedure. 

The present  study was undertaken w i t h  t h e  pr imary  o b j e c t i v e  o f  syn thes iz -  
i n g  MgO-SI02 glasses c o n t a i n i n g  var ious  mol x o f  MgO lyir!g w i t h i n  t h e  s t a b l e  
l i q u i d - l i q u i d  i m m i s c i b i l i t y  composi t ion range by t h e  s o l - g e l  technique. Such 
glasses cannot be prepared by t h e  convent iona l  g lass  m e l t i n g  methods. Another 
purpose o f  t h i s  work was t o  prepare compos i t i ona l l y  homogeneous precursor  mate- 
r i a l s  f o r  use i n  s tud les  o f  t h e  e f f e c t s  o f  m i c r o g r a v i t y  on phase separa t i on  i n  
glasses. 
synthesized under var ious  exper imental  cond i t i ons ,  sub jec ted  t o  d i f f e r e n t  t h e r -  
mal t reatments,  and cha rac te r i zed  us ing  a number o f  techniques. The r e s u l t s  
o f  these i n v e s t i g a t i o n s  a re  repo r ted  I n  t h i s  paper. 

Gels o f  d i f f e r e n t  composi t ions i n  t h e  b i n a r y  MgO-Si02 system were 

EXPERIMENTAL METHODS 

Gel Synthesis 

Tetraethoxy silane (TEOS), S1(OC2H5)4 ,  and rnagneslum ace ta te  t e t r a h y d r a t e  
f rom A l f a  Products, magnesium n i t r a t e  hexahydrate, Mg(N03)2.6H20, o f  a n a l y t i c a l  
reagent grade f rom M a l l i n c k r o d t  and 200 p roo f  abso lu te  e t h y l  a l c o h o l  were used 
w i t h o u t  f u r t h e r  t rea tment .  Magnesium e thox ide  i s  e a s i l y  a v a i l a b l e  b u t  has on ly  
l i m i t e d  s o l u b i l i t y  i n  a l c o h o l .  Therefore,  t h e  method o f  McCarthy and Roy 
( r e f .  16) was employed t o  i n c o r p o r a t e  magnesium ox ide  i n t o  t h e  g e l .  Magnesium 
n i t r a t e  hexahydrate was chosen as t h e  source o f  magnesium ox ide  due t o  I t s  good 
s o l u b i l i t y  I n  a l c o h o l  as w e l l  as i n  water.  A s i m i l a r  approach has a l s o  been 
adopted by o the r  workers ( r e f s .  11 t o  14 and 17 and 18) t o  i n t r o d u c e  o t h e r  
metal  oxides i n t o  t h e  ge ls  such as CaO, SrO, Na20, La2O3, Al2O3, i n  t h e  fo rm 
o f  t h e i r  s o l u b l e  metal  s a l t s .  The chemical composi t ions o f  t h e  glasses a long 
w i t h  t h e i r  acronyms a r e  shown i n  t a b l e  I .  F igu re  1 i s  a p a r t i a l  phase diagram 
o f  t h e  MgO-Si02 system showing t h e  cornpositions o f  t h i s  study f a l l  i n  t h e  
l i q u i d - l i q u i d  i m m i s c i b i l i t y  dome. An o u t l i n e  o f  t h e  procedure used f o r  g lass  
syn thes is  by t h e  so l -ge l  process i s  shown i n  f i g u r e  2. Magnesium n i t r a t e  hexa- 
hydra te  was d i sso l ved  I n  a l c o h o l  and mlxed under s t i r r i n g  w i t h  TEOS which had 
been d i l u t e d  w i t h  a l c o h o l .  The q u a n t i t i e s  o f  var ious  chemicals used a r e  l i s t e d  
i n  t a b l e  11. A lcoho l  a c t s  as t h e  mutual so l ven t  f o r  TEOS and water which a re  
immisc ib le  w i t h  each o the r .  The necessary amount o f  water was then added drop- 
wise under v igorous  s t l r r l n g .  A c l e a r  homogeneous s o l u t t o n  r e s u l t e d .  The 
beaker c o n t a i n i n g  t h e  s o l u t i o n  was covered and a l lowed t o  stand f o r  g e l l i n g  
under amblent c o n d i t i o n s  o r  i n  a cons tan t  temperature bath.  It took severa l  
hours t o  many days f o r  g e l a t i o n  o f  t h e  s o l u t i o n s  depending upon t h e  H20:TEOS 
mole r a t i o ,  magnesium concen t ra t i on ,  and t h e  r e a c t i o n  temperature. M o n o l i t h i c ,  
c l e a r ,  and t ransparen t  b u l k  g e l s  were formed which s low ly  cracked i n t o  smal le r  
p ieces on slow d r y i n g  a t  room temperature. The ge ls  were d r i e d  f o r  severa l  
days under ambient c o n d i t i o n s  fo l l owed  by heat t reatments a t  va r ious  tempera- 
tu res .  Gels c o n t a i n i n g  15 and 20 mol % MgO had a tendency t o  c r y s t a l l i z e  on 
slow d r y i n g  a t  room temperature and s low ly  converted i n t o  a w h i t e  powder on 
storage. I n  these g e l s  sur face  c r y s t a l l i z a t i o n  was ev iden t  v i s u a l l y  and f rom 
x-ray d i f f r a c t i o n  ( f i g .  3) these c r y s t a l s  were i d e n t i f i e d  t o  be o f  
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Mg(N03)2.6H20. 
76 "C.  No c r y s t a l l i z a t i o n  was v i s i b l y  ev ident  i n  these d r i e d  g e l s  b u t  powder 
x-ray d i f f r a c t i o n  aga in  showed t h e  presence o f  magnesium n i t r a t e  hexahydrate 
c r y s t a l s  i n  g e l  c o n t a i n i n g  20 mol X MgO. Gels were t ransformed i n t o  c o l o r l e s s ,  
t ransparent  amorphous s o l i d s  by s u b j e c t i n g  them t o  d i f f e r e n t  heat  t reatments 
under i so thermal  and athermal c o n d i t i o n s .  Attempts t o  prepare g e l s  u s i n g  mag- 
nesium a c e t a t e  t e t r a h y d r a t e  as t h e  source o f  MgO were n o t  successfu l  and 
r e s u l t e d  o n l y  i n  nonhomogeneous w h i t e  powders. 

To a l l e v i a t e  t h i s  problem another ba tch  o f  g e l  was d r i e d  a t  

M o n o l i t h i c  g e l  bodies o f  1OMS composi t ion were prepared u s i n g  g l y c e r o l  as 
t h e  d r y i n g  c o n t r o l  chemical a d d i t i v e .  Tremendous shr inkage took  p l a c e  on d r y -  
i n g  s l o w l y  under ambient c o n d i t i o n s .  On dry ing ,  t h e  g e l  volume had reduced t o  
about one- tenth o f  i t s  o r i g i n a l  volume. No cracks were present  i n  t h e  d r i e d  
c y l i n d r i c a l  g e l  bodies as shown i n  f i g u r e  4. 

C h a r a c t e r i z a t i o n  o f  Gels 

Chemical and s t r u c t u r a l  e v o l u t i o n  o f  g e l s  a f t e r  var ious  thermal t reatments 
was fo l lowed by severa l  techniques. D i f f e r e n t i a l  thermal  a n a l y s i s  ( D T A )  and 
thermograv imetr ic  a n a l y s i s  ( T G A )  were c a r r i e d  ou t  us i t ig  Perkin-Elmer DTA-1700 
and TGS-2 systems, r e s p e c t i v e l y ,  which were i n t e r f a c e d  w i t h  a computer ized data 
a c q u i s i t i o n  and a n a l y s i s  system. A Netzsch thermal ana lyzer  STA-429 w i t h  a 
super kantha l  h e a t i n g  element furnace was a l s o  used f o r  simultaneous r e c o r d i n g  
o f  DTA and TGA on t h e  same sample. I n f r a r e d  t ransmiss ion  spec t ra  were recorded 
f rom 400 t o  4000 cm-1 us ing  t h e  KBr  p e l l e t  method w i t h  a Perkin-Elmer 1750 
I n f r a r e d  F o u r i e r  Transform Spectrometer I n t e r f a c e d  w i t h  a Perkln-Elmer 7300 
p r o f e s s i o n a l  computer. Powder x-ray d i f f r a c t i o n  measurements were made a t  room 
temperature w i t h  a P h l l l i p s  ADP-3600 automated powder d i f f r a c t o m e t e r  equipped 
w i t h  a c r y s t a l  monochromator, employing CuKa r a d i a t i o n  i n  t h e  28 range 10 t o  
90". 
adsorp t ion  isotherms a t  7 7  K us ing  M i c r o m e r i t i c s  D i g l s o r b  2500 pore a n a l y s i s  
system. Krypton gas adsorp t ion  was used f o r  some samples o f  low sur face  area. 

BET sur face  area and pore volume measurements were made f rom t h e  n i t r o g e n  

RESULTS 

Gel  Format ion 

Time o f  g e l a t i o n  and p h y s i c a l  appearance o f  MgO-Si02 g e l s  o f  var ious  com- 
p o s i t i o n s  f o r  H2O:lEOS mole r a t i o  o f  -5 a re  g i v e n  i n  t a b l e  11. A l l  t h e  g e l s  
were c l e a r  and t ransparent .  There was n o t  much change i n  s o l u t i o n  pH on ge la -  
t i o n .  For example, t h e  pH values o f  15 and 20MS s o l u t i o n s  immediately a f t e r  
t h e  a d d i t i o n  o f  water  were 4.34 and 4.22 and g r a d u a l l y  decreased t o  3.90 and 
3.85, r e s p e c t i v e l y ,  j u s t  be fore  g e l a t i o n  was complete. I n  c o n t r a s t ,  Yamane and 
Kojima ( r e f .  13) observed an increase i n  pH d u r i n g  h y d r o l y s i s  o f  a l c o h o l i c  
s o l u t i o n s  o f  s i l i c o n  te t ramethoxide and s t r o n t i u m  n i t r a t e .  The v a r i a t i o n  i n  
g e l l i n g  t ime as a f u n c t i o n  o f  magnesium ox ide  content  i s  shown i n  f i g u r e  5. 
G e l l i n g  t i m e  i s  seen t o  decrease w i t h  Increase i n  magnesia concent ra t ion .  
Exper imental  da ta  showing t h e  e f f e c t  o f  r e a c t i o n  temperature on t i m e  o f  g e l  
fo rmat ion  f o r  10Mg0-90Si02 (mol X) composi t ion f o r  H20:TEOS mole r a t i o  o f  7.5 
a r e  g i v e n  i n  t a b l e  111. G e l l i n g  t i m e  sharp ly  decreases w i t h  r i s e  i n  r e a c t i o n  
temperature.  A t  a l l  temperatures t h e  r e s u l t i n g  g e l s  were t r a n s p a r e n t  and c l e a r .  
I n f l u e n c e  of  s t a r t i n g  m a t e r i a l s  and H20:TEOS r a t i o  on g e l l i n g  t i m e  and appear- 
ance of g e l s  o f  10Mg0-90S102 (mol %) composi t ion a r e  i s  presented i n  t a b l e  I V .  
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I n  another exper iment,  t h e  l O M S  composi t ion was subjected t o  severa l  i s o -  
thermal heat  t reatments a t  d i f f e r e n t  temperatures f o r  var ious  lengths  o f  t i m e  
i n  a i r .  A c l e a r  t ransparent  g e l  w i t h  a very l i g h t  y e l l o w i s h  t i n g e  was obta ined 
on d r y i n g  a t  72 " C  f o r  more than s i x  days. The l i g h t  y e l l o w i s h  c o l o r  p e r s i s t e d  
even a f t e r  f i r i n g  a t  300 O C  f o r  20 h r .  On f u r t h e r  h e a t i n g  a t  500 O C  f o r  23 h r ,  
t h e  sample became c o l o r l e s s ,  g lassy  t ransparent  and remained so even a f t e r  
f i r i n g  a t  700 "C f o r  22.5 h r  and a t  795 " C  f o r  8.5 h r .  When t h e  sample was 
f u r t h e r  heated a t  890 " C  f o r  7 . 5  h r ,  some p ieces were s t i l l  t r a n s p a r e n t  and 
c o l o r l e s s  whereas some p ieces had turned opaque w h i t e .  I t  became f u l l y  w h i t e  

l and opaque a f t e r  s i n t e r i n g  f o r  2 h r  a t  1000 "C.  

E f f e c t  o f  H20:TLOS r a t i o  on t ime o f  g e l a t i o n  i s  dep ic ted  I n  f i g u r e  6. 
g e l l l n g  t lme i s  seen t o  decrease sharp ly  w i t h  inc rease i n  H20:lEOS r a t i o .  
Clear and t ransparent  g e l s  were obta ined o n l y  f o r  systems us ing  a l c o h o l i c  mag- 
nesium n i t r a t e  and TEOS and H20:TEOS mole r a t i o s  o f  4 o r  more. 
h o l l c  s o l u t i o n  o f  magnesium a c e t a t e  as t h e  source o f  magnesium ox ide  r e s u l t e d  
o n l y  i n  a w h i t e  powder, probably  by t h e  c r y s t a l l i z a t i o n  o f  magnesium a c e t a t e  
t e t r a h y d r a t e .  I n  systems w i t h  H20:TEOS r a t i o s  o f  0.67 and 2.68, nonhomogeneous 
b u l k  g e l s  w i t h  w h i t e  c r y s t a l s  on t h e  g e l  sur face,  probab?y o f  magnesium n i t r a t e  
hexahydrate, were formed. 

The 

Use o f  an a lco-  

P y r o l y s i s  o f  Gels 

A l l  g e l s  were c l e a r  and t ransparent  a f t e r  d r y i n g  a t  -76 O C  f o r  a few days 
The x-ray spec t ra  showed weak d i f f r a c t i o n  peaks o f  magnesium n i t r a t e  

The d r i e d  g e l s  
i n  a i r .  
hexahydrate phase i n  g e l  c o n t a i n i n g  20 mol X magnesium ox ide.  
o f  d i f f e r e n t  composi t ions were heated t o  800 " C  (15MS t o  780 " C  and 20MS t o  
740 " C )  i n  f l o w l n g  a l r  a t  -3 "C/min and furnace cooled. A l l  o f  these f i r e d  
samples were c l e a r ,  t ransparent  and amorphous t o  x-rays. These amorphous sam- 
p l e s  were f u r t h e r  subjected t o  var ious  thermal t reatments.  One p a r t  was i s o -  
thermal ly  s i n t e r e d  i n  a i r  a t  -895 " C  f o r  7.5 h r .  A f t e r  t h i s  heat  t reatment  a l l  
composi t ions remained amorphous t o  x-rays except t h a t  some weak d i f f r a c t i o n  
peaks o f  a lpha q u a r t z  ( r e f .  19) were present  I n  2MS on ly .  The 15MS and 20MS 
samples had tu rned w h i t e  and opaque whereas 5MS, 10MS. and M9S were  p a r t l y  
opaque and p a r t l y  t ransparent .  
t ransparent  a long w l t h  a few w h i t e  opaque p ieces.  
1000 " C  f o r  2 h r .  A l l  samples had tu rned opaque w h i t e .  X-ray d i f f r a c t i o n  
peaks o f  a lpha q u a r t z  ( r e f .  19) were found i n  2MS, 5MS, 10MS, and M9S a long 
w l t h  an amorphous h a l o  i n  l O M S  and M9S. 
h igher  than i n  l O M S  which was most ly  amorphous. 
t o  be amorphous except f o r  a smal l  peak a t  d = 3.754 A ( 2 8  = 23.7") o f  an 
unknown phase. 
been f u r t h e r  f i r e d  a t  1100 " C  f o r  2 h r  and a t  1200 " C  f o r  1 h r  showed t h e  pres-  
ence o f  sharp peaks o f  a lpha q u a r t z  ( r e f .  19) on ly .  

The 2MS composi t ion appeared most ly  g lassy and 
Another p a r t  was heated a t  

The peak i n t e n s i t i e s  i n  M9S were much 
The 15MS and 20MS were found 

Powder x-ray d i f f r a c t i o n  o f  2MS and 5MS composi t ions which had 

I 
Thermal Analys is  

Thermoanalyses were performed on t h e  as-dr ied  g e l s .  T y p i c a l  d i f f e r e n t i a l  
thermal a n a l y s i s  ( D T A )  and thermograv imetr ic  (TGA)  curves f o r  a room tempera- 
t u r e  d r l e d  g e l  o f  l O M S  cornposit ion are  shown i n  f i g u r e  7 .  DTA thermograms o f  
ge ls  o f  var ious  cornposit ions a r e  presented i n  f l g u r e  8. The broad endothermic 
peak i n  t h e  DTA curve I s  a t t r i b u t e d  t o  t h e  evapora t ion  o f  r e s i d u a l  water and 

I a l coho l  entrapped i n  micropores o f  t h e  g e l  and decomposi t ion o f  n i t r a t e .  The 
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TGA curve shows a s u b s t a n t i a l  weight l oss  i n  t h e  temperature r e g i o n  correspond- 
i n g  t o  t h e  endothermic OTA peak, i n d i c a t i n g  t h a t  a l a r g e  p o r t i o n  o f  water and 
organ ic  m a t e r i a l s  a r e  be ing  removed and t h a t  t h e  metal  n i t r a t e  decomposes below 
-400 " C .  A DTA exothermic peak ascr ibed t o  o x i d a t i o n  o f  t h e  organ ic  i m p u r i t i e s  
i s  o c c a s i o n a l l y  observed a t  h igher  temperature bu t  was n o t  seen i n  t h i s  work. 
I t  may a l s o  be noted t h a t  a gradual  and s l i g h t  weight l oss  i s  con t inued a t  
h ighe r  temperatures i n  t h e  TGA. This i s  probably due t o  condensatSon dehydra- 
t i o n  o f  hyd roxy l  groups. The exothermic peak a t  -900 "C I n  t h e  DTA cou ld  be 
assigned t o  c r y s t a l l i z a t i o n  o f  g lass .  Another exothermic peak a t  h ighe r  tem- 
pe ra tu re  i n  DTA o f  2MS and 5MS may be due t o  some polymorphic phase t r a n s f o r -  
mat ion o r  c r y s t a l l i z a t i o n  o f  another phase. I n v e s t i g a t i o n  o f  t h i s  phase was 
n o t  pursued any f u r t h e r .  

I n f r a r e d  Spectroscopy 

I n f r a r e d  abso rp t i on  spec t ra  i n  t h e  400 t o  4000 cm-1 range f o r  t h e  l O M S  
composi t ion g e l  d r i e d  a t  72  " C  f o r  more than s i x  days i s  g i ven  i n  f i g u r e  9. 
The e f f e c t  o f  var ious  thermal t reatments on t h e  i n f r a r e d  abso rp t i on  o f  l O M S  i s  
presented i n  f i g u r e  10. F igu re  11 shows t h e  i n f r a r e d  spec t ra  o f  g e l s  o f  v a r i -  
ous composi t ions a f t e r  having been f i r e d  t o  h ighe r  temperatures a t  -3 OC/min 
i n  f l o w i n g  a i r  and fu rnace cooled. Various abso rp t i on  peaks observed I n  t h e  
i n f r a r e d  spec t ra  o f  g e l s  and glasses o f  t h e  MgO-SI02 system and t h e i r  assign- 
ments ( r e f s .  20 t o  28) a r e  l i s t e d  i n  t a b l e  V.  The peak due t o  SI-OH bonds con- 
t a i n i n g  nonbr idg ing  oxygen i s  l oca ted  a t  958 cm-1. 
heat t rea tment  i s  increased t h e  abso rp t i on  peak due t o  S i -OH bonds becomes weak 
and f i n a l l y  disappears a t  500 OC, i n d i c a t i n g  t h a t  r e s i d u a l  SI-OH bonds p o l y -  
merize above t h i s  temperature. The s t ronges t  abso rp t i on  peak i s  observed a t  
-1078 cm-1 which i s  asc r ibed  t o  Si-0-SI s t r e t c h i n g  v i b r a t i o n .  Varshneya and 
Suh ( r e f .  29), and Kamlya e t  a l .  ( r e f .  21) repo r ted  a s l i g h t  s h i f t  o f  t h i s  band 
(1080 cm-1) t o  h ighe r  wavenumbers w i t h  inc rease i n  hea t ing  temperature due t o  
s t rengthen ing  o f  t h e  S i -0  bonds i n  t h e  Si04 te t rahedron.  
s h i f t  i s  observed i n  t h e  present  work. Other peaks r e l a t e d  t o  S i -0  bonds a r e  
those around 800 and 460 cm-1 a t t r i b u t e d  t o  bending modes o f  0-Si-0 and Si-0-Si 
bonds, r e s p e c t i v e l y .  
( r e f .  2 7 )  t o  -NO3 group increased w i t h  i nc reas ing  conten t  of magnesium n i t r a t e  
i n  t h e  g e l .  The -NO3 peak i n t e n s i t y  decreased w j t h  increase  i n  temperature  o f  
heat t rea tment  and completely disappeared a t  -500 " C .  
abso rp t i on  band i n  t h e  300 " C  f i r e d  sample i m p l i e s  slow decomposi t ion o f  
n i t r a t e  a t  t h i s  temperature. The bands around 3450 and 1645 cm-1 a r e  assigned 
t o  absorp t ions  due t o  water.  The i n t e n s i t i e s  o f  these peaks become weaker w i t h  
i nc rease  i n  f i r i n g  temperature. Specimens f i r e d  a t  890 O C  s t i l l  con ta ined 
t races  o f  water b u t  no abso rp t i on  peaks a t t r i b u t a b l e  t o  o rgan ic  groups were 
present .  

As t h e  temperature o f  

However, no such 

The i n t e n s i t y  o f  t h e  peak around 1385 cm-1 assigned 

A very weak n i t r a t e  

X-ray D i f f r a c t i o n  

The s t r u c t u r a l  e v o l u t i o n  o f  t h e  ge ls  as a f u n c t i o n  o f  heat t rea tment  was 
fo l l owed  by powder x - r a y  d l f f r a c t l o n .  F igu re  12 shows x-ray d i f f r a c t i o n  
spec t ra  o f  g e l s  o f  var ious  composit ions d r i e d  a t  -76 "C.  
than  s i x  days a t  -76 O C ,  ge l s  o f  2MS, 5MS, IOMS, and 15MS composi t ions were 
amorphous t o  x-rays whereas x-ray d i f f r a c t i o n  p a t t e r n s  o f  t h e  20MS g e l  showed 
p a r t i a l  c r y s t a l l i z a t i o n  of magnesium n i t r a t e  hexahydrate a long w i t h  an amor- 
phous halo.  
i n  f l o w i n g  a i r  a t  -3 "C/mln, a l l  ge ls  converted i n t o  c l e a r  and t ransparen t  

A f t e r  d r y i n g  f o r  more 

On hea t ing  s low ly  t o  800 " C  (780 "C f o r  15MS and 740 O C  f o r  20MS) 
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s o l i d s  which were amorphous t o  x-rays as shown i n  f i g u r e  13. X-ray d i f f r a c t i o n  
spectra o f  l O M S  g e l  f i r e d  a t  d i f f e r e n t  temperatures f o r  var ious  l eng ths  o f  t ime 
a re  presented i n  f i g u r e  14 which shows i t s  amorphous na tu re  even a t  899 "C. 
A f t e r  f i r i n g  f o r  7.5 h r  a t  899 " C  i n  a i r ,  most o f  t h e  sample was c o l o r l e s s  and 
t ransparent  b u t  some m i l k y  w h i t e  pieces were a l s o  seen. I t  tu rned f u l l y  opaque 
and w h i t e  and appeared s i n t e r e d  a f t e r  hea t ing  a t  1000 "C f o r  2 h r .  A smal l  
concen t ra t i on  o f  a lpha q u a r t z  ( r e f .  19) had p r e c i p i t a t e d  o u t  which i s  e v i d e n t  
f rom t h e  x-ray d i f f r a c t i o n  peaks ( f i g .  15); t h e  M9S sample snowed much s t ronger  
d i f f r a c t i o n  peaks o f  a lpha quar t z  a f t e r  s i m i l a r  heat t rea tment .  The 2MS and 
5MS samples were f i r e d  f o r  2 h r  each a t  1000, 1100, and 1200 "C: and sub jec ted  
t o  powder x-ray d i f f r a c t i o n .  
found t o  be present  a f t e r  each o f  t h e  above thermal t rea tments .  Gels con ta in -  
i n g  15 and 20 mol % MgO, a f t e r  having been f i r e d  a t  1000 "C f o r  2 hr ,  showed 
on ly  a weak d i f f r a c t i o n  peak ( f i g .  15) a t  d = 3.754 A (28 = 23.7') which cou ld  
n o t  be asc r ibed  t o  any known phase compris ing MgO and Si02. 

The same c r y s t a l l i n e  phase, alpha quar tz ,  was 

I 

Surface Area and Pore S ize  D i s t r i b u t i o n  

BET su r face  area and pore volume were measured a f t e r  d e n s i f i c a t i o n  o f  t h e  
ge ls  a t  var ious  temperatures. The pore volume and BET sur face  area c a l c u l a t e d  
from t h e  adso rp t i on  isotherms a r e  presented i n  f i g u r e  16 f o r  t h e  10Mg0-90Si02 
(mol %) composi t ion as a f u n c t i o n  o f  t h e  f i r i n g  temperature. Heat t rea tments  
a t  subsequent temperatures a r e  cumulat ive;  d e t a i l s  a r e  g i ven  i n  t a b l e  V I .  The 
po re  volume l n i t l a l l y  increases t o  a maximum va lue  a t  -300 "C, then  s l o w l y  
decreases on f u r t h e r  inc rease I n  temperature fo l l owed  by a sharp decrease a t  
-890 "C.  The su r face  area increases t o  a maximum va lue  a t  -500 "C and shows a 
sharp r e d u c t i o n  a t  -890 "C s i m i l a r  t o  t h e  pore volume. 
area and pore  volume a t  lower temperatures may be a t t r i b u t e d  t o  decomposit ion 
o f  n i t r a t e  and t h e  l o s s  o f  p h y s i c a l l y  adsorbed water and r e s i d u a l  o rgan ics  
t rapped i n  t h e  micropores o f  t he  d r i e d  g e l .  Th is  i s  c o n s i s t e n t  w i t h  t h e  
r e s u l t s  o f  DTA and TGA ( v i d e  supra).  The r e d u c t i o n  i n  su r face  area and pore 
volume a t  h ighe r  temperatures would p robab ly  correspond ( r e f .  30) t o  an 
i nc rease  i n  t h e  degree o f  c r o s s l i n k i n g  as t h e  decomposit ion o f  s i l a n o l s  leads 
t o  po l ymer i za t i on .  The r a p i d  decrease i n  bo th  su r face  area and pore volume a t  

The inc rease  i n  su r face  

I , -890 " C  represents  an i nc rease  i n  d e n s i t y  due t o  s i n t e r i n g .  

I 
DISCUSSION 

The t ime  taken t o  complete a process g i ves  an es t imate  o f  r a t e  o f  t h e  
r e a c t i o n .  G e l l i n g  t ime  sha rp l y  decreased w i t h  inc rease i n  r e a c t i o n  temperature 

temperatures. However, an inc rease i n  temperature causes an i nc rease  i n  r a t e s  
o f  b o t h  h y d r o l y s i s  and po lymer i za t i on  bu t  t h e  e f f e c t  ( r e f .  31) i s  n o t  t h e  same 
f o r  bo th  these processes. Genera l l y  t h e  i n f l u e n c e  o f  r e a c t i o n  temperature i s  

f u s i o n  o f  p a r t i a l l y  hydrolyzed species w h i l e  t h e  l a t t e r  i s  a more d i r e c t  proc- 
ess. High temperature h y d r o l y s i s  r e s u l t s  I n  smal le r  p a r t i c l e s  w i t h  more h i g h l y  
s t r u c t u r e d  networks. Temperature dependence o f  t h e  o v e r a l l  ( h y d r o l y s i s  and 
condensation) r e a c t i o n  may be expressed by an Arrhenius type  equat ion :  

I ( t a b l e  111) I n d i c a t i n g  a f a s t e r  r a t e  o f  h y d r o l y s i s  and p o l y m e r i z a t i o n  a t  h ighe r  

, sma l le r  f o r  p o l y m e r i z a t i o n  than f o r  h y d r o l y s i s  because t h e  former i n v o l v e s  d i f -  
I 
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I t = A exp[E/RT] ( 1 )  

6 



t 

where t I s  the gelation time, A the preexponentlal term, E the actlvatlon 
energy for the overall gelation (hydrolysis and polymerizdtlon) process, R the 
gas constant, and T the reaction temperature in degrees K. Taking the loga- 
rlthm of equation ( 1 )  gives 

(2) 
E 

l o g  = l o g  A ' (2.3026RT) 
according to which a plot of log t against 1/T should be linear with slope 
E/2.3026R. The plot of log t versus 1/T for the 10Mg0-90Si02 system using 
a water:TEOS mole ratio o f  7.5 is linear (fig. 17) indicating applicability of 
equation (1). From a linear least-squares fit the activation energy is calcu- 
lated to be 58.7 kJ/mol ( A  = 1.06~10-19 with a correlation coefficient = 0.9998) 
for the gelling process In the temperature range 2 to 70 OC. 

Gel formatlon proceeds through hydrolysis and condensation steps. When 
water is added to TEOS precursor solution, hydrolysls takes place: 

OEt 
I I 

I I 
OEt OE t 

Et 

EtO- S i - E t  + H20 - E t O - S i -  OH + Et OH (3) 

where Et represents the ethyl group. The partially hydrolyzed species con- 
denses with -OH or -0Et on other molecules resulting In 

OE t E t  

OE t OE CE t 

OE t Et 

( 4 )  

Si-0-Si bonds by dehydration or dealcoholation. This leads to the formation 
of oligomers i n  solution whlch upon further condensation results in the forma- 
tion of a three-dimensional glass-like network. The system changes Into a gel 
when polymerization is extensive. The water molecule regenerated during the 
condensation of -OH groups on two partially hydrolyzed species can be further 
utilized for hydrolysis of another -0Et group. Theoretically, only 2 mol of 
water/mol of TEOS are required for the complete hydrolysis and polymerization. 
In the present work clear and transparent homogeneous gels were obtained only 
when the water to TEOS mole ratio was greater than 4. When insufficient water 
(less than the stolchlometric amount needed for complete hydrolysis of TEOS) 
is added to the sol, gelation takes place by absorbing moisture f r o m  the 
amblent atmosphere. In such a case gelling of the solution starts from the 
surface and gradually develops into the bulk. By the time bulk gelation is 
complete, the gel surface has already started drying causing crystallization 
of magneslum nitrate hexahydrate from the supersaturated solution near the 
surface, resulting i n  white powder on gel surface. This problem could be 
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a l l e v i a t e d  by i n i t i a l l y  adding a s u f f i c i e n t  amount o f  water needed f o r  complete 
h y d r o l y s i s  o f  TEOS i n  t h e  b u l k  s o l u t i o n  as i n  t h e  case o f  l O M S  and M9S systems 
which r e s u l t e d  i n  c l e a r ,  t ransparent ,  and homogeneous b u l k  ge l s .  

The x-ray d i f f r a c t i o n  o f  d r i e d  ge ls  c o n t a i n i n g  up t o  15 mol % magnesium 
ox ide  does n o t  show t h e  presence o f  any c r y s t a l l i n e  phase. This  p robab ly  i n d i -  
cates t h a t  magnesium i s  n o t  f r e e  and has been inco rpo ra ted  i n t o  t h e  polymer 
( g e l )  network. However, i t  i s  n o t  c l e a r  i n  what way t h e  po lymer i z ing  TEOS has 
i nco rpo ra ted  i ons  o f  t h e  d i sso l ved  magnesium s a l t  w i t h i n  t h e  polymer ( g e l )  n e t -  
work. 
exchange r e a c t i o n  ( r e f .  32) between t h e  metal  c a t i o n  and t h e  weakly a c i d i c  
s i l a n o l  (-)SI-OH) group: 

Probably t h e  Mg2+ ions  a r e  in t roduced i n t o  t h e  g e l  network by a c a t i o n  

Mg2+ t 2(3SI-OH) + Mg(OSi@-)2 t 2Ht 

React ion 5 i s  r e v e r s i b l e  ( r e f .  32) i n  a c i d i c  s o l u t i o n s  and i s  t h e  sum o f  
t he  f o l l o w i n g  two r e a c t i o n s :  

and 

Gels c o n t a i n i n g  h ighe r  concent ra t ions  o f  magnesium, 20MS, show t h e  c r y s -  
t a l l i z a t i o n  o f  magnesium n i t r a t e  hexahydrate on d r y i n g  when t h e  g e l  volume had 
reduced t o  about o n e - t h i r d  o f  t h e  o r i g i n a l  volume. This  p robab ly  i m p l i e s  t h a t  
o n l y  up t o  -15 mol % magnesium can be i nco rpo ra ted  i n t o  t h e  polymer network i n  
t h e  fo rm o f  magnesium n i t r a t e  us ing  t h e  so l -ge l  process. 
metal  n i t r a t e  has a l s o  been repo r ted  by Yamane and Kojlma ( r e f .  13) d u r i n g  t h e  
syn thes is  o f  20Sr0-80Si02 (ut %) g e l s  us ing  s t r o n t i u m  n i t r a t e  and s i l i c o n  
te t ramethox ide  as t h e  s t a r t i n g  m a t e r i a l s .  Th is  phenomenon o f  c r y s t a l l i z a t i o n  
o f  t h e  metal  s a l t  f rom t h e  g e l  d u r i n g  t h e  d r y i n g  s tep  has been asc r ibed  
( r e f .  13) t o  n o n p a r t i c l p a t i o n  o f  t h e  a l k a l i n e  e a r t h  metal  i ons  i n  e i t h e r  
h y d r o l y s i s  o f  s i l i c o n  a l k o x i d e  o r  subsequent dehydra t ion  po lymer i za t i on .  The 
s a l t  i ons  remain very mob i le  even a f t e r  g e l a t i o n  because o f  t h e  l a r g e  l i q u i d  
conten ts  i n  t h e  g e l .  A t  h i g h  concent ra t ions  o f  t h e  a l k a l i n e  e a r t h  meta l  ions,  
most o f  these ions  remain i n  t h e  l i q u i d  phase w i t h o u t  be ing  i nco rpo ra ted  i n t o  
t h e  g e l  network. Dur ing t h e  g e l  d r y i n g  process, concen t ra t i on  o f  these ions 
i n  the  l i q u i d  phase increases u n t i l  supersa tu ra t i on  i s  reached and c r y s t a l s  
s t a r t  growing on t h e  g e l  sur face  thereby des t roy ing  t h e  homogeneity o r i g i n a l l y  
achieved by m ix ing  i n  s o l u t i o n s .  Mukherjee ( r e f .  17) has a l s o  observed c rys -  
t a l l i z a t i o n  o f  sodium n i t r a t e  on d e s i c c a t i n g  g e l s  i n  t h e  Na20-B203-Si02 system. 
I n  the  study by Hayashi and S a i t o  ( r e f .  11) ,  h y d r o l y s i s  o f  TEOS and ca l c ium 
n i t r a t e  s o l u t i o n s  r e s u l t e d  on ly  i n  w h i t e  powders p robab ly  due t o  t h e  fo rma t ion  
o f  ca lc ium n i t r a t e  c r y s t a l s  f rom t h e  ge ls  on d r y i n g .  I n  c o n t r a s t ,  m o n o l i t h i c  
t ransparen t  CaO-Si02 glasses were ob ta ined by h y d r o l y s i s  o f  c a l c i u m - e t h o x i d e  
and TEOS w i t h  atmospheric mo is tu re ;  h y d r o l y s i s  by a d d i t i o n  o f  water r e s u l t e d  
i n  t r a n s l u c e n t  o r  opaque bodies due t o  p r e c i p i t a t i o n  o f  ca l c ium hydrox ide .  

C r y s t a l l i z a t i o n  o f  
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SUMMARY AND CONCLUSIONS 

Synthesis o f  MgO-SI02 glasses by t h e  so l -ge l  process has been l n v e s t i -  
gated as a f u n c t i o n  o f  var ious  exper imental  parameters and t h e  f o l l o w i n g  con- 
c lus ions  may be drawn f rom t h e  r e s u l t s  o f  t h i s  study: 

( 1 )  MgO-Si02 g lass  composit ions w i t h i n  t h e  s t a b l e  l i q u i d - l i q u i d  i m m i s c i -  
b i l i t y  dome which cannot be prepared by t h e  convent lona l  g lass  m e l t i n g  method 
can be synthesized a t  low temperatures by t h e  so l -ge l  technique. 

( 2 )  I n t r o d u c t i o n  o f  a m o d i f i e r  c a t l o n  i n  t h e  fo rm o f  a s a l t  s o l u t i o n  i s  
no t  s u i t a b l e  f o r  t h e  syn thes is  o f  glasses w i t h  h i g h  m o d i f i e r  c a t i o n  concentra- 
t i o n .  Only 15  mol K MgO can be i nco rpo ra ted  i n t o  the  s i l i c a  network u s i n g  
magneslum n i t r a t e .  This i s ,  however, s i g n i f i c a n t  as magnesium e thox ide  has 
o n l y  l i m l t e d  s o l u b i l i t y  i n  a l coho l .  

( 3 )  G e l l i n g  t ime decreased w i t h  inc rease i n  magnesium conten t ,  water:TEOS 
mole r a t i o ,  and r e a c t i o n  temperature. 

( 4 )  Clear,  t ransparen t ,  and homogeneous ge ls  were ob ta ined when water:TEOS 
mole r a t i o  was 4 o r  more. 

( 5 )  A c t i v a t i o n  energy f o r  g e l  f o rma t ion  i n  t h e  10Mg0-90Si02 (mol  96)  system 
a t  a water:TEOS mole r a t i o  o f  7.5 was found t o  be 58.7 kJ/mol. 

( 6 )  Alpha-quartz was t h e  c r y s t a l l i n e  phase i n  t h e  g e l s  heated t o  -950 O C .  

( 7 )  Trace amounts o f  -OH groups were de tec ted  by i n f r a r e d  spectroscopy 
even i n  specimens f i r e d  t o  -890 O C .  

o rgan ic  groups were present .  
No abso rp t i on  peaks a t t r i b u t a b l e  t o  

( 8 )  M o n o l i t h l c  d r y  g e l  bodies cou ld  be prepared us ing  g l y c e r o l  as t h e  d ry -  
i n g  c o n t r o l  chemical a d d i t i v e .  
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TABLE I .  - ACRONYMS AND 1 H E  GLASS 

COMPOSIIIONS SlUDIED I N  THE 

MgO-Si02 SYSlCM 

I Acronym 

2MS 
5MS 

lOMS 
15MS 
20MS 

Mol % W t  % 1 
MgO S102 MgO Si02 

2 98 1.35 98.65 
5 95 3.41 96.59 

10 90 6.93 93.07 
15  85 10.58 89.42 
20 80 14.36 85.64 

TABLE 11.  - BATCH COMPOSITIONS, GELATION T I M E ,  AND GEL APPEARANC€ A T  ROOM 
TEMPLHAlUKE F O R  MAGNLSIUM S I L I C A l t  SYSTLM 

2MS 45 
5MS 

1 OMS 
15MS 
20MS I 

80 5 4  Transparent ,  c l e a r  

I 40 
33 
26 
22 

1 . 1 3  
2 . 9 2  
6.164 
9.174 

13 .868 

TABLE I I I .  - E I F E C T  O F  R E A C T I O N  TtMPERAlURE ON 

GELLING TIME FOR lOMgO 90S102 (mol %) 

SYSrkM; W A l t R :  TEOS MOLE R A l I O  = 7.5 

Temperature, G e l l i n g  t i m e ,  Gel appearance I h  
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TABL€ I V .  - EFFECT OF EXPERIMENTAL CONOITIONS ON GELLING TIME AND APPEARANCE FOR 10  Mg0-90 S102 (mol  X) SYSTEM 

Thermal t r e a t m e n t  

ic ronym 

MS9A 

MS98 

MS9C 

1 OMS 

M9S 

1 OMAS 

B E T  Pore volume 

m2/g 
s u r f a c e  area ,  cm3/g 

I EMPERP 

C2HsOH 
M1 

80 

RF 
T o t a l  
w a t e r ,  

9 

2.6 

10.4 

15.6 

22 

32.8 

21.2 

0.67 

2.68 

4.00 

5.66 

8.44 

5.45 

G e l l l n g  
t i m e ,  

h r  

T A B L E  V .  - I N F R A R E D  A B S O R P l I O N  PEAKS OBSERVE0 I N  MgO-S1O2 G E L S  

A N 0  GLASSES AND 1 H E I R  A S S I G N M E N l S  

Frequenc ies  o f  I R  
a b s o r p t i o n  bands 

460 cm-1 
800 cm-1 

-958 cm-1 
-1078 cm-1 

1385 cm-1 
-1640 c m - l  
-3450 cm-1 

F u n c t i o n a l  g roup 

31 2 

21 6 

90  

33 

22 

__. 

Bending modes o f  SI-0-Si bonds 
Bending modes of  0 - S i - 0  bonds 
S i - O H  bonds c o n t a i n i n g  n o n b r i d g i n g  oxygen 
S t r e t c h i n g  v i b r a t i o n  o f  S i - 0 - S I  bonds 
-NO3 group 
H 2 0  
H 2 0  

T A B L E  V I .  - VALUES OF B E T  SURFACE AREA AND C U M U L A T I V E  PORE VOLUME OF 

10Mg0-90Si02 (mol %) GEL AFTER V A R I O U S  THERMAL 1 R E A T M E N T S  

[Water:  T E O S  mole r a t i o  = 5 .66.1 

Gel d r i e d  a t  72 "C f o r  more than  6 days 
A s  above t a t  300 "C f o r  20 h r  
As above t a t  499 "C f o r  23 h r  
A s  above t a t  700 "C f o r  22.5 h r  
As above t a t  793 "C f o r  8.5 h r  
A s  above t a t  890 "C f o r  7.5 h r  

371 
672 
690 
625 
530 

54 

0.151 
0.301 
0.246 
0.204 
0.177 
0.004 

Gel appearance 

Nonhomogeneous, 
w h i t e  c r y s t a l s  
on s u r f a c e  

Nonhomogeneous, 
w h i t e  c r y s t a l s  
on s u r f a c e  

C l e a r ,  t r a n s p a r e n t  

C l e a r ,  t r a n s p a r e n t  

C l e a r ,  t r a n s p a r e n t  

W h l t e  Dowder 
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1900 

1800 

1600 

MIX AND STIR 

CRISTOBALITE AND  LIQUID^ 

CRISTOBALITE AND LIQUID 

r CLINOENSTATITE AND LIQUID 

CLINOENSTATITE AND CRISTOBAL1,TE 

4 FORSTE$l 
LIQUII 

I AND I CLIl 

) I 60 80 100 
'-2 Mp0.Si02 WT X ,  Si02 

co-87-25r)3 

I 
SLOWLY ADD H20 WITH STIRRING 

(HYDROLYSIS AND POLYCONDENSATION) 
1 

THERML TREATENT 
(REMOVAL OF VOLATILES AND NITRATE DECWOSITION: 

INITIAL DENSIFICATION) 

SINTER 

I GLASS OR CERAMIC I 
CD-87-25320 

FIG. 1. - PARTIAL PHASE DIAGRAM OF bJO-Si02 
SYSTEM SHOWING POSITIONS OF THE VARIOUS 
COMPOSITIONS STUDIED. 

FIG. 2 - FLOW DIAGRAM OF THE SOL-GEL PROCESS FOR GLASS SYNTHESIS. 

15 MS 

L - 

400 r I 

15 28 41 54 67 80 
2 8, DEG 

CD-87-25463 

FIG. 3. - POWDER X-RAY DIFFRACTOGRAMS OF 15 MS AND 20 MS 
GELS DRIED AT ROOM TEWERATURE. THE PEAKS CORRESPOND 
TO Mg(N03)2'6H20 CRYSTALS. 
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F I G .  4. - MONOLITHIC CYLINDRICAL SAMPLES OF 1OMgO-90Si02 (MOL X )  COMPOSITION PREPARED USING 
GLYCEROL AS THE DRYING CONTROL CHEMICAL ADDITIVE (DCCA). 

20 
0 5 10 15 20 

I MOL %, MgO 
CD-87-25309 

FIG. 5 .  - EFFECT OF MAGNESIUM OXIDE CONTENT ON TIME OF GEL FORMA- 
T I O N  AT ROOM TEMPERATURE FOR THE MgO-Si02 SYSTEM; WATERzTEOS 
MOLE RATIO -5. 
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\ 10 40-90 S i 0 2  ROLE X 

0 3 6 9 

CD-87-25304 MOLE RATIO [H20/TEOSI 

F I G .  6 - INFLUENCE OF WATER:TEOS ROLE RATIO ON T I E  OF GELATION OF 
10NgO-90Si02 (MOL X )  C W O S I T I O N  AT ROW! TEWERATURE. 

M9S 

I I I I I 

TEMPERATURE. OC 
CD-87-25305 

F I G .  7. - DTA AND TGA CURVES SIMULTANEOUSLY RECORDED ON THE SAME GEL 
SAMPLE OF COMPOSITION 10MgO-90Si02 (MOL X )  DRIED AT 76 OC FOR 
50 HR; HEATING RATE IO OC/MIN IN FLOWING AIR. 
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)O 
TEWERATURE. OC 

F I G .  8. - DTA CURVES OF MgO-Si02 GELS OF VARIOUS COMPOSITIONS DRIED AT 

CD-87-25308 

76 OC FOR 50 HR: SCAN RATE OF 10 OC/MIN I N  FLOWING A I R .  

100 

80 

E 60 
v) 

‘0 
m 
s r 
I- 

40 

20 

n 

- 
MIOS-A 

- H20 NONBRIDGING 

STRETCHING 
V I  BRATI ON - 

4000 3000 2000 1600 1200 800 450 
WAVE NUMBER. CM-’ 

CD-87- 7 . w  

F I G .  9 - INFRARED SPECTRA OF 10Mg0-90Si02 (MOL%) GEL DRIED AT 72 OC FOR 
MORE THAN 6 DAYS: MOLE RATIO OF WATER:TEOS = 5.6. 
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2300 Zoo0 1800 1600 1400 1200 1000 800 600 450 
WAVE NUMBER. cM-l CD-87-25322 

F I G .  10. - INFRARED SPECTRA OF 1oMgO-90Si02 (MOL X )  GEL AFTER F I R I N G  AT VARIOUS 
TEMPERATURES. THE HEAT TREATMENTS ARE CUMULATIVE AT SUBSEQUENT TEMPERATURES. 

800 oc 

800 oc 

800 oc 

800 OC 

780 OC 

740 OC 

I I I I 
2300 2000 1800 1600 1400 1200 loo0 800 600 400 

WAVE NUMBER, CM-1 CD-87-25321 

F I G ,  11. - INFRARED SPECTRA OF MgO-Si02 GELS OF DIFFERENT COMPOSITIONS AFTER 
BEING FIRED TO VARIOUS TEMPERATURES AT 3 OC/MIN IN FLOWING AIR AND FURNACE 
COOLED. 
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300 

200 

m 100 
V 

E 
m L w c- 
L, 

- 1 
I 

20 Ns 

15 PIS 

M9S 

10 MS 

5 N s  

2 w  

I I I I 54 I 67 80 
I 

41 28 
2 e. DEG 

15 

CD-87-25467 

Ng(N03)2 * 6H20 CRYSTALS. 

I II 7n YC 701-1 Or. 1 

5 MS, 800 'C 

2 ns, 800 OC L.1 I 

I I I 41 1 511 I 67 80 
28 

2 e ,  DEG 
1 5  

cD-87-2S468 

F I G .  13. - X-RAY DIFFRACTION SPECTRA W M@-Si02 GELS OF VARIOUS CN4'osI- 
TIONS HEATED TO DIFFERENT TEMPERATURES IN FLOWING AIR AT 3 O C / N ~ N  AND 
FURNACE COOLED. 
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899 OC, 7.5 HR 

793 OC. 8.5 HR 

700 OC, 22.5 HR 

499 OC. 23 HR 

300 OC. 20 HR 

72 OC.>6 D 

I I I I I I 
15 28 41 54 67 80 

z e. DEG CD-87-25466 

FIG. 14. - X-RAY DIFFRACTOGRAMS OF 10 Mg0-90Si02tnoLX) COMPOSITION 
GEL FIRED AT DIFFERENT TERERATURES FOR VARIOUS LENGTHS OF T I E :  
PEAKS I N  THE lo00 OC FIRED S W L E  CORRESPOND TO a-QUARTZ CRYSTALS. 

L 
200 

100 120 MS 

15 28 41 54 67 80 

2 ns 
3000 

2400 

1800 

1200 

- 

- 

- 

- 

5 MS 

15 28 41 54 61 80 
2 e. DEG 

CD-87-25464 

FIG. 15. - POWDER X-RAY DIFFRACTION SCANS OF MgO-Si02 GELS OF VARIOUS COMPOSITIONS FIRED 
AT 1000 OC FOR 2 HR; SHARP DIFFRACTION PEAKS I N  2 MS. 5 MS, 10 NS. AND M9S SAMPLES 
CORRESPOND TO a-QUARTZ CRYSTALS. 
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800 

700 

600 

500 

.2 
2 
w 400 
4 

3 
oz 3 v1 

2 300 

200 

100 

0 200 400 600 800 
TEMPERATURE. OC 

F I G .  16. - VARIATION OF BET SURFACE AREA AND PORE 
VOLUME WITH F I R I N G  TEMPERATURE OF 10MgO-90Si02 
(MOL X )  GEL COMPOSITION: WATER: TEOS MOLE 
RATIO = 5.66. 
CUMULATIVE AT SUBSEQUENT TEMPERATURES (SEE 
TABLE V I  FOR DETAILS) .  

THE THERMAL TREATMENTS ARE 

30 

25 

20 

u 

15 $ 
0 > 
W z 
0 0 

10 

05 

) 

2.5 - 
10MgO-90Si02 (MOLE Z )  - 2.0 - 

5 
2 

L 
w 1.0 
LI 
P 

h 

H20: TEOS MOLE RATIO = 4 a 

1.5 - 
W 

J 1 - 

W 
0 2 .5 E = 58.7 KJ/MOLE - 

0 I 
2.9 3.1 3.3 3.5 3.7 

1 0 3 / ~ . ~ - 1  

F I G .  17. - ARRHENIUS PLOT SHOWING TEMPERATURE DEPENDENCE OF GEL- 
L ING TIME OF 10Mg0-90Si02tno~ %) COMPOSITION: WATER:TEOS MOLE 
RATIO = 7.5. 
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